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grating at each Interface between adjacent layers, each 
even-number-th layer has a uniform thickness. 




o 
o 

tn 

00 

o 

CL 
LU 



P'imed by Xerw [UK] Business Servtcss 



1 



EP 0 895 100 A2 



2 



Description 

BACKGROUND OF THE INVENTION 

Reld of the Invention s 

[0001 J The present invention relates to diffractive opti- 
cal elements, and more particularly to a diffractive opti- 
cal element having such a grating structire that rays of 
a plurality of wavelengths or rays of a specifb wave- io 
length band concentrate at a specific order (a design 
order) of diffraction, and to an optical system having the 
diffractive optical element 

Description of Related Art js 

C0002J Heretofore, as one of methods of correcting 
chromatic aberration of an optical system, there Is 
known a method of combining two glass [lens) materials 
which differ in dispersion. 20 
[00031 In contrast to the method of reducing chromatic 
abenration by combining glass materials, there is known 
another method, which is disclosed in the optical litera- 
ture, such as "International Lens Design Conference 
(1990)", SPIE Vol. 1354, etc., and the q^ecificatons of 2S 
Japanese Laid-Open Patent Applications No. HEI 4- 
213421 and No. HEI 6-324262 and U.a Patent Na 
5,044.706. In the case of that method, chromatic aber- 
ration is corrected by means of a diffractive optical ele- 
ment which is provided with a diffraction grating for a so 
diffracting action and is disposed on a lens surface or a 
part of an optical system. Thai method is based on a 
physical phenomenon that the cf rection in which chro- 
matic aben^tion arises for a ray of light of a reference 
wavelength becomes opposite between a refractive sur- 35 
face and a diffractive surface in an optical system. 
[0004] Further, the diffractive optical element of such 
a type can be arranged to produce an advantageous 
correcting effect, like an aspheric lens, on the aben-ation 
by varying the period of a periodic structure of its diffrac- 40 
tion grating. 

[00051 Here, compared with a refracting action of rBys 
off light, while one ray of fight remains one even after 
refraction at a lens surface, one ray of light is split into 
rays of a plurality of orders after diffraction at a diffrac- 4S 
tive surface. 

[0006] Therefore, in using a diffractive optical element 
for a lens system, it is necessary to decide the grating 
structure in such a way as to cause a light flux of a use- 
ful wavelength region to concentrate at a specific order so 
(design order) of diffraction. With tiie light flux concen- 
trating at the specific order, rays of diffraction light other 
than the light flux of the specific order have a low degree 
of Intensity. When the intensity becomes zero, the rays 
of diffraction Bghl would not eadst. 55 
[0007] In order to attain the above-stated feature, the 
diffraction efficiency of a ray of light of the design oider 
must be sufficienlly high. Further, in a case where there 



are some rays of light having diffraction orders other 
than the design order, these rays are imaged in a place 
different from the imaging place of the ray of light of the 
design order, and thus appear as flare light. 
[0008J For an optical system using a cfiffradive optical 
element, therefore, it Is important to pay sutfidenl heed 
to the spectral cfistribufion of diffraction efficiency at the 
design order and the behavior of rays of diffraction light 
of orders other than the design order. 
[0009] Rg. 1 1 shows a case where a diffractive optical 
element 1 , which has a diffraction grating 3 and is com- 
posed of one layer on a base plate 2, is formed on a sur- 
face of an optical system. In this case, diffraction 
efficiency for a specific order of diffraction is obtained as 
shown in Fig. 12. which shows the characteristic of the 
diffraction efliciency. In Fig. 12, the abscissa axis of a 
graph indicates waveleng^i (nm) and the ordinate axis 
indicates tiie diffraction efficiency (%). 
[OOlGl The diffractive optical element 1 is designed to 
have the diffraction efficiency become highest at the first 
order of diffraction (shown in a fuD line curve in Fig. 12) 
In ttie useful wavelength region. In other words, the 
design order of the diffractive optical element 1 is the 
first order. 

[0O11I Further, Rg. 12 shows also the diffraction effi- 
ciency of a diffraction order near the design order, i.e., 
zero-order light and second-order light (1 ± 1 order). 
[0012] As shown in Rg. 12. at the design order, the dif- 
fraction efliciency becomes highest at a certain wave- 
length (540 nm) (hereinafter referred to as a 'design 
wavelength") and gradually decreases at other wave- 
lengtiia The lower portion cf tiie diffraction efficiency 
obtained at the design order becomes diffraction light of 
other orders and comes to appear as flare light. Further, 
in a case where ttie diffractive optical element is pro- 
vided with a plurality of diffraction gratings, a drop in dif- 
fraction efficiency at wavelengths other than the design 
wavelengtii eventually causes a decrease in transmis- 
sion factor 

[0013] Diffractive optical elements having the stnjc- 
ture capable off lessening the drop in diffraction effi- 
ciency are disclosed in Japanese Laid-Open Patent 
Applications No. HEI 9-127321, No. HEI 9-127322. etc. 
According to the structural arrangement disclosed in 
Japanese UidOpen Patent Application No. HEI 9- 
1 27321 , tiie diffractive optical element is termed by lam- 
inating tvwo layers 4 and 17 as shown in Fig. 1 3 which is 
a sectional view. 

[0014] On the other hand, according to the slnjclural 
anangement disclosed in Japanese Laid-Open Patent 
Application No. HEI 9-127322. the diffractive optical ele- 
ment has such a grating structure that tiiree layers 4, 1 7 
and 6 are laminated as shown in Fig. 14. The thickness 
of the layer 1 7 which is interposed in between diffraction 
grating surfaces 7 and 8 each of which is formed at a 
boundary face behA/een two layers is not uniform. Thus, 
ttie diffractive optical element has tiie diffraction grating 
surfaces 7 and 8 which are formed at boundary faces 
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between different materials. A higft diffraction efff iciency 
is attuned tiy optimizing a difference in refractive index 
between the materials of layers disposed across each 
boundary and the depth of grating grooves formed in 
these layers. 

[0015] In the above-stated diffractive optical element 
having a grating structure composed of a plurality of 
lanronated layers, it is necessary to make at a desired 
value a wavelength characteristic of a difference in 
refractive index between the layer materials cf sposed 
across (in front arxi in rear of) a diffraction paling sur- 
face. For example, in the arrangement disclosed in Jap- 
anese Laid-Open Patent Application No. HEI 9-127321, 
one of tiie layers disposed across the diffraction grating 
surface must be made of a material vyrhtch is of a high 
refractive index and a lew dispersion while the other 
layer must be made of a material which is of a tow 
refractive index and a high dispersion. Use of materials 
for these layers is thus limited to this combination of dif- 
ferent materials. 

[0016] Further, in the case of the arrangement dis- 
closed In Japanese Laid-open Patent Application Na 
HEI 9-127322, the kinds of layer materials are 
increased to three kinds. The nunnber of kinds of 
selectable materials can be increased by varying the 
depth of grating grooves of the diffraction grating sur- 
faces 7 and 8. The selectable layer n^ertals are. how- 
ever, inevitably limited as long as the wavelength 
characteristic of a cfifference in refractive index between 
these layer materials is used in arranging the diffractive 
optical element. 

[001 7] On the other hand, the n^erials usable across 
a boundary between layers are limited, from a manufac- 
turing viewpoint, to such materials that have good 
adherence to each other, nearly the same coefficients 
of thermal expansion, and so on. It is also necessary 
that these materials must excel in workability for forming 
diffraction gratings. 

[0018] The usable materials are thus limited not only 
in respect of optical characteristics but also from the 
manufacturing viewpoint Therefore, it is not easy to find 
such optical materials that satisfy all of these conditions. 

BRIEF SUMfVlAFW OF THE INVENTION 

[001 9] It is an object cf the invention to provide a dif- 
fractivB optical element, or an optical system having the 
diffractive optical element, which is anxinged to make 
selection of materials of layers relatively easy, to give a 
high diffraction efficiency and to e^ectively suppress 
flare light, etc. 

[0020] To attain the above object, in accordance with 
an aspect of the invention, there is provided a diffractive 
optical element composed of three or nnore laminated 
layers and having a diffraction grating at each interface 
between adjacent layers, in wfiich each even-number-th 
layer has a uniform thickness. 
[0021 ] In accordance with another aspect of the inven- 



tion, there is provided a dffractive optical element com- 
posed off a plurality of layers made of at least two kinds 
of materials of different dispersions (Abbe Number vd) 
to enhance diffraction efficiency of a specific order over 

5 an entire useful wavelength regton, in which, where the 
plurality of layers are counted in order as an i-th layer, a 
first diffraction grating surface is formed at a tiourvSary 
between the f irsl layer and the second layer, a second 
diffraction grating surfiace is formed at a tioundary 

10 between tfie secorxl layer and the third layer and an L- 
th diffracUon grating surface is formed at a boundary 
between the L-th layer and the (Ul)-th layer, and each 
even-number-til layer is a unifbnm-thickness layer hav- 
ing a uniform thickness over an entire area thereof. 

75 [0022] In accordance with one mode o\ the diffractive 
optical element according 1o the invention, the thickness 
of the uniform-thickness layer is greater than the depth 
of a grating groove of a diffraction grating surface 
formed at a boundary between the uniform-thickness 

20 layer and an acQacent layer. 

[0023] In accordance with one mode o1 the diffractive 
optical element according to the invention, the irtiform- 
thickness l^er has such a thickness as to give a reflec- 
tion preventing characteristic. 

26 [0024] In accordance with one mode o1 the diffractive 
optical element according to the invention, tiie uniform- 
thickness layer is made of a plastic optical material or an 
ultraviolet curable resin. 

[0025] In accordance with one mode o1 the diffractive 

30 optical element accorcfing to the invention, the useful 
wavelength region Is a visible spectrum. 
[0026] In accordance with one nude of the diffractive 
optical element according to tiie invention, the first layer 
is formed on a base plate, and the first layer and the 

35 base plate are made of the same malarial. 

[0027] in accordance witii a furtiier aspect of the 
invention, there is provided an optical system having the 
atxjve diffractive optical element, which is, tor example, 
an image fpmiing optical system or an observation opti- 

40 cat system. 

[0028] In accordance with a further aspect of the 
invention, there is provided an optical apparatus or an 
electronic apparatus having tiie above optical systenx 
[0029] These and other objects and features of the 

45 invention will become apparent from the following 
detailed descrqstion of preferred ennbodiments thereof 
taken in connection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
SO THE DRAWING 

[0030] 

Fig. 1 is a front view showing essential parts of a 
55 diffractive optical element according to a first 
emtxxJiment of the invention. 
Fig. 2 is a sectional view showing essential parts of 
the diffractive optical element according to the first 
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embodiment of the invention. 
Figs. to 3(D) are sectional vievvs for eotplaining 
a method of manufacturing the diffractive optical 
element according to the lirst embodiment o1 the 
invention. s 
Fig. 4 Is a graph showing the diffraction efficiency of 
the diffractive optical element according to the first 
embodiment of the invention. 
Fig. 5 is a graph showing the diffraction efficiency of 
the conventional diffractive optical element. io 
FigsL 6(^ to 6(E) are sectional views for explaining 
another method of manufacturing the diffractive 
optical element according to the iksX embodiment of 
the inventioa 

Fig. 7 shows a modification in shape of the diffrac- 75 
tive optical element according to the first embodi- 
ment of tfi6 invention. 

Fig. 8 is a sectional view shewing essential parts of 
a diffracthre opb'cal element according to a third 
embodiment of the invention. 20 
Fig. 9 schematically shows an optical system using 
a diffractive optical element according to a fourth 
embodiment of the invention. 
Fig. 10 schematicaify shows an optical system 
using a diffractive optical element according to a 2^ 
fffih embodiment of the invention. 
Fig. 11 is a sectional view showing essential parts 
of the conventional diffraclive optical element. 
Fig. 12 is a graph showing the diffraction efficiency 
of the conventional diffractive optical element $0 
Fig. 13 shows In a sectional view the grating shape 
of the conventional cfiffradive optical element. 
Fig. 14 shows in a sectional view another grating 
shape of the conventional diffractive optical ele- 
ment 35 
Figs. 15(A) and 15(B) are sectional views for 
explaining a method of manufacturing the conven- 
tional diffraclive optical element. 

DETAILED DESCRIPTION OF THE INVENTION 40 

[00311 Hereinafter, prefen*ed embodiments of the 
invention will be described in detail with reference to the 
drawings. 

[0032] Rg. 1 is a front view showing a diffractive opti- 45 
cal element according to a first embodiment of the 
invention. Refening to Rg. 1 , the diffractive optical ele- 
ment 1 is composed of a multhlayer part 3 formed by 
laminating a plurality of layers on the surface of a base 
plate 2. Fig. 2 is a sectional view of the diffractive optical so 
element taken along a line A- A' of Fig. 1. In Fig. 2, the 
diffractivB optical element is illustrated in a shape exag- 
gerated in the cfir action of the depth of grating surfaces 
(diffraction grating surfaces) 7 and 8. 
[0033] The sectional gating shape of the diffractive ss 
optical element 1 in the first embodiment is corrposed 
of three layers, i,a, the first layer 4, the second layer 5 
and the third layer 6. A first diffraction grating surface 7 



is formed at a boundary part between the first layer 4 
and the second layer 5. A second diffraction grating sur- 
face 8 is formed at a boundary part between the second 
layer 5 and the third layer 6. The second layer 5 which Is 
in contact with the two diffraction grating surfaces 7 and 
8 is made to be a uniform-thickness layer having a uni- 
form thickness in the propagating direction of r^ht over 
the entire area of the diffractive optical element 1. 
[0034] Further, since the first and second diffraction 
grating surfaces 7 and 8 are formed through the uni- 
fonn-thickness layer 5, the grating shape of the first dif- 
fraction grating surface 7 is exactly the same as that of 
the second diffraction grating surface 8. A featue of the 
first embodiment lies in that the first and second diffrac- 
tion grating surfaces 7 and 8 act as one diffractive opti- 
cal element 1 throughout all the layers thereof. 
[00351 Here, a layer which has a diffraction grating 
surface on one side thereof and a thickness of the msds- 
rial of which periodically varies, as each of the layers 4 
and 6^ will be called a diffraction grating. 
[0036] As described above, a diffractive optical ele- 
ment according to the first embodirrtent of the invention 
has a gratbig structure formed by laminating on a base 
plate a plurality of layers made of at least two Kinds of 
materials of different dispersions. With a twundary 
between the first layer and the second layen counting in 
sequence from the base plate, assumed to be a first dif- 
fraction grating suriace, a boundary between the sec- 
ond layer and the third layer assumed to be a second 
diffraction gating surface and a boundary between the 
L-lh layer and the (U1)-th layer assumed to be an L-th 
diffraction grating surface, each of tfte even-number-th 
layers has a uniform thickness over the whole area 
thereof, and the diffraction gratings are joined together 
through each uniform-thickness layer. 
[0037] Meanwhile, a stoictural anangement similar to 
the shape of the diffractive optical element according to 
the invention was disclosed in Japanese Laid-Open Pat- 
ent Application No. HEI 9-127321. However, the diffrac- 
tive optical element disclosed in Japanese Lald-Open 
Patent Application No. HEI 9-127321 uses a plurality of 
diffraction gratings for the purpose of allocating individ- 
ual diffractive powers to them. For this purpose, each 
diffraction grating is arranged to independently have its 
diffraction characteristic. In the case of the first embodi- 
ment of the invention, on the other hand, the two diffrac- 
tion gratings 4 and 6 are arranged to act integrally as 
one diffraction grating. The diffraction grating according 
to the invention thus conrpletely differs from the prior 
anangement in size and material of the layer. 
[0038] Further, the object of the prior arrangement 
cited atxyve cannot be attained by arranging the diffrac- 
tion gratings in the same direction as the embodiment of 
the invention. In actuality, therefore, the diffraction grat- 
ings of the prior arrangement must be shaped to differ in 
direction from the shape shown in Fig. 14. The diffrac- 
tive optical element of the prior arrangement cited 
above thus completely differs from the diffractive optical 



4 



7 



EPOa95 100 A2 



8 



element of the invenlion also in this point 
[0039] Next, the diffraction efficiency of the diffractive 
optical element according to the first embodiment of the 
invention is described as follows. 
[0040] Fig. 1 1 shows a trartsmisson-type diffraction 
grating 3 of an ordirary single-layer structure, which is 
to be used in air. tn order 1o obtain a maximum diffrac- 
tion efficiency for a design wavelength by the diffrac- 
tion grating of such a type, the optcal path length 
difference dO between the crest and the trough of a dif- 
fraction grating surface 7 is required to be integer times 
as much as the design wavelength, as expressed below, 
for a light flux which is perpendicularly Incident on the 
diffraction grating: 

dO-(nO-1)d-mXO (1) 

where nO is a refractive index of the material of the dif- 
fraction grating 3 at the wave length XO. d is a grating 
thickness of the diffraction grating 3, and mis a design 
order of diffraction. 

[0041 ] The basic concept of the cf firactlve optical ele- 
ment conposed of two or nrore diffraction gratings, i.e., 
two or more layers, is the same as that of the above- 
stated single-layer type diffraction grating. In order to 
have all the layers act as one diffraction grating, the 
multi-layer diffractive optica) element is arranged as fol- 
lows. The optical path length cfifference between the 
crest and the trough of the diffraction grating formed at 
each boundary between two layers is obtained, and the 
difference values thus obtained for all of the layers are 
added together to obtain a total sum. Then, the diffrac- 
tive optical element is made to have the total sum 
become integer times as large as the design wave- 
length. 

[0042] Therefore, a conditional expression for the first 
embodiment shown in Fig. 2 becomes as follows: 

(nOI - n02) d - (n03 - n02) d = mXO (2) 

where n01 is a refractive index of the material of the first 
layer 4 at the wavelength XO, n02 is a refractive index of 
the material of the second layer 5 at the wavelength XO, 
and n03 is a refractive index of the material of the third 
layer 6 at the wavelength XO. tn the case of a diffractive 
optical element disclosed in Japanese Laid-Open Pat- 
ent Application Na HE! 9-127322, the diffraction grat- 
ings 4 and 6 are anranged to differ in grating thickness 
from each other in the formula (2). 
[0043] The first embodiment of the invenlion Is char- 
acterized in that the two confronting gratings are 
arranged to be in shapes which are equal to each other. 
With the first embodiment arranged in this manner, the 
formula (2) becomes as follows: 

(nOI -n03)d = mX0 (3) 

[0044] Then, with the cfiffraction effidency assumed to 



be r\, a phase error assumed to be ^0, being expressed 
as ^0 = (nOI - n03) d - mXO) , the diffraction efficiency 
11 can be expressed as follows: 

^ fl=sinc^((n01 -n03)d/mX0-1] (4) 

= sinc^(tO/mXO) 

where sinc(94 is a function which can be expressed as 

10 sinc(x) = sin(iix) / nx . 

[0045] Therefore, if the formula (3) is satisfied for the 
virhole useful wavelength region, the phase enror ^ 
becomes "0" in the fbnmda (4), so that the diffraction 
efficiency becomes maximum over the whole region of 

IS useful wavelengttis, according to ti a sine ^ [0] » 1 . 
[0046] Here, the refractive index of the second layer 5 
is not included in the formula (4). This means that the 
material of the second layer 5 has no influence on the 
diffraction efficiency. Therefore, the nraterial of the sec- 

20 ond layer 5 can be selected from among materials hav- 
ing any values of both the refractive index and 
dispersion. 

[0047] According to the above feature of the invention, 
the materials of the first and third layers 4 and 6 are 

26 selected from among such materials that have required 
optical characteristics, and the material of the second 
layer 5 is selected from among such materials that are 
complementary to the shortcomings of the materials of 
the first and third layers with respect to joining them 

30 directiy with each other and can be readily joined to both 
of the first and third layer materials. 
[0048] The materials of these layers are selected as 
descrflbed below. 

[0049] A case where glass is to be used for the first 
35 and third layers is first described as follows^ In this case, 
a combination of glass materials that satisfies the con- 
dition for diffraction efficiency can be selected from 
annong combinations eqiivalent to a connbination of the 
materials of a two-layer type diffractive optical element 
40 disclosed in Japanese Laid-Open Patent Application 
NaHEl 9-127321. 

[0050] Meanwhile, in respect of manufacturing proc- 
esses, a method tor the manufacture as shown in Figs. 
3(A) to 3(D) is conceivable. The diffraction grating sur- 

45 face 7 is first formed by molding or the like on the glass 
surface of the first layer 4 to obtain the diffraction grating 
4, as shown in Fig. 3(A). In this case, the base plate 2 
and the first layer 4 are formed with tiie same material. 
[0051] Then, the diffraction grating is formed with the 

so third layer 6 in the same manner as in the first layer 4, 
as shown in Fig. 3(B). 

[0052] Next, the first and tiiird layers 4 and 6 are 
joined togetiier tiirough tiie second layer 5. which is a 
unifbrm-thickness layer, as shown in Fig. 3(C). By the 
55 above process the final shape of the diffractive optical 
element is obtained as shown in Fig. 3(D). In the case of 
joining glass materials together, as shown in Rgs. 15(A) 
and 1 5(B), it has been practiced to pour a second glass 
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material 17 of the second layer into the first diffraction 
grating 4 of the first layer after the d ffraction grating 4 is 
molded with a mold, as shown in Rg. 1 5(A), and then to 
obtain a two-tayer diffractive optical element by cooling 
the second layer, as shown in Rg. 1 5(6). $ 
[0053] In the case of this conventional method, it has 
been a necessary condition to use an optical glass 
material of a high fusing point for the first layer 4 and a 
glass material of a low fusing point for the second layer 
17. Therefore, e/en if there is such a combination of io 
optical glass materials that gives a high diffraction effi- 
ciency in respect of optical characteristic the adoption 
of such advantageous combination has been some- 
times pre/ented by this manufacturing condition. 
[0054] To solve this problem, the first embodiment of is 
the invention is arranged to permit use of either an ultra- 
violet curable resin or some dher material that has a 
large difference in fusing point from glass, as ihe mate- 
rial of the uniform-thicKness layer. The use of such a 
material permits two glass materials to be joined so 
together. This method was disclosed also in Japanese 
Laid-open Patent Application Na HEI 9-127322. 
[0055] The first embodiment is characterized by the 
provision of the uniform-thickness layer which permits a 
search for such optical materials that give an adequate se 
diffraction efficiency in respect to the first and third lay- 
ers and a search in respect to the second layer tor a 
material having such a property that is necessary for the 
manufacture. These searches for materials can be 
made independently of each other. The provisbn of the oo 
uniform-thickness layer facilitates the manufacture of a 
diffractive optical element with a combination of optical 
glass of two different kinds, which has been difficult 
because glass materials cannot be easily joined 
togelher. A diffractive optical element having a high 35 
degree of diffraction efficiency thus can be easily manu- 
factired according to the anangement of the first 
entoodiment. 

[0056] Next, a case where glass is used for the first 
layer and a plastic material for the third layer is 4o 
desaibed as follows. In this case, a material which has 
an intermediate th ermal expansion characteristic 
between glass and plastic materials is used for the sec- 
ond layer to join the first and third layers through the 
second layer. The use of such a material effectively 45 
solves a problem that with glass and plastic materials 
directly joined together, their boundary fiaces peel off 
from each other or fine cracks are produced due to their 
expansion or contraction caused tvy heat. 
[0057] Further, according to the above-stated manu- $o 
facturing method, the first diffraction grating 4 and the 
second diffraction grating 6 are in projected and 
recessed grating surface shapes which are perfectly 
conversed. Therefore, the projected and recessed 
nmlds can be easily reproduced by stamping with one ss 
mold used as an original. With the at)ove-stat6d manu- 
facturing method employed, even in the event of some 
manufacturing error, the grating surface shape of the 



first diffraction grating 4 and that of the second diffrac- 
tion grating 6 become identical with each other in 
inverted shapes in projection and recession. 
[0058] This feature of the diffraction grating manufac- 
turing method is hereinafter described In comparison 
wfth the arrangement of Japanese Laid-Open Patent 
Application Na HEI 9-127322 in which the second layer 
has a varying thickness. 

[0059] Some deviation from a design value in grating 
thickness is considered to be inevitatile. In the structural 
arrangement of the inv^ion, an optical glass materiaL 
BSMdl (nd o 1.6400, vd » 60.1), which is a product of 
OHARA Ca, Is used lor the first layer, an ultraviolet cur- 
able resin, C001 (nd » 1.5250, vd » 50.8). which is a 
product of DAI-NIPPON InK Co.. is used for the second 
layer, arKi a plastic material PC (nd - 1 .5831 , vd « 30.2) 
is used for the third layer. 

[0060] In this structural arrangement, the grating thick- 
ness of each of the diffraction gratings 4 and 6 formed 
at each boundary is 10.3 fim. In this Instance, a imnu- 
facturing error of grating thickness is assumed to be 3%. 
Fig. 4 shows in a graph the diffraction efficiency in each 
of these occurrences. In Rg. 4, a curve (i) indicates the 
diffraction efficiency obtained at the design value of 
grating thickness, and a curve (ii) indicates the diffrac- 
tion efficiency obtained with the diffraction gratings 
manufactured to have a thickness thinner by 3% than 
the design tNckness. 

[0061] According to this manufacturing method, both 
the first and second diffraction gratings 4 and 6 are 
manufactured at a tNnner thickness value of 1 0 ^im. The 
unifomn thickness of the unrform-thickness layer which 
is a feature of tiie inverrtion. th^efbre; can be main- 
tained. As apparent from tiie illustration, ttie diffraction 
effidency changes only by 2% or thereabout even with 
the diffractive optical element manufactured with the 
error of 3% orthereat>out by the above-stated manufac- 
turing method. Therefore, the diffractive optical element 
can be easily manufactured by the above-stated 
method. 

[0062] Next, as a case where different grating tNck- 
nesses are enployed. the diffractive optical element is 
considered to have such a construction that tite first 
layer is made of a plastic material PMMA (nd » 1 .4917, 
vd = 57.4), the second layer is made of the plastic mate- 
rial PC (nd = 1 .5831 , vd = 30.2). the third layer is air, the 
grating thickness of the first diffraction grating 4 is 1 5. 1 6 
^m, and tiie grating thickness of the second diffraction 
grating 6 is 3.34 fim. The manufacturing error occurring 
in grating tiiickness is also assumed to be 3%. 
[0063] Fig. 5 is a graph showing the diffraction effi- 
ciency obtained in this construction. 
[0064] In Rg. 5, a curve (0 shows the diffraction effi- 
ciency obtained with the diffractive optical element man- 
ufactured at the design values of grating thickness. A 
curve (ii) shows the diffraction efficiency obtained with 
the first diffraction grating 4 manufactured to have its 
grating tiiickness thinner by 3% than the design value. A 
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curve (iii) shows the diffraction efficienc/ obtained with 
the second diffraction grating 6 manufactured to have its 
grating thickness thinner by 3% than the design value. 
[0065] Both the curves (ii) and (iii) of Rg. 5 show that 
the diffraction efficiency drops by 10 to 15% or therea- 
bout In the case of the curve (iii), since the grating 
thickness is thin, the error in tWckness is only 0.1 ^m. 
Despite of such a slight change, the diffraction effi- 
ciency greatly varies. This clearly indicates that the 
structural artangement requires a considerably high 
degree of precision for the manufacture. 
[0066] As apparent from the conparison made above, 
the arrangement of the fffst embodiment for fbrming the 
diffraction gratings at equal grating thickness makes the 
manufacture of the diffractive optical element easier 
than in the case of the arrangement in which diffraction 
gratings are formed to have different thicknesses. 
[0067] Figs. 6(A) to 6(E) show anolher manufacturing 
method by which the above-stated advantageous fea- 
ture can be also attained. In the case of this mettuxi, a 
diffraction grating which is made of the glass material of 
the first layer 4 is formed by molding with a moW. as 
shown in Fig. 6(A). Then, by using the same mold 9 
used for the first layer 4, as shown in Fig. 6(B), the sec- 
ond layer 5 is formed to have a uniform tfiickness as 
shown in Rg. 6(C). 

[0068] Next, the third layer 6 is molded over the uni- 
form-thickness layer 5. as shown in Fig. 6(D), to obtain 
a final shape as shown in Fig. 6(E). This method Is pref- 
erable, because it permits forming both the diffraction 
grating surfaces 7 and 8 with one and the same mold. 
[0(^9] In the structural anrangement described above, 
the optical characteristic of the second layer does not 
contribute to tiie diffraction efficiency. Therefore, no lim- 
itation is irrposed on the optical characteristic of the 
second layer However, the diffraction efficiency can be 
enhanced further by using, for the second layer, a mate- 
rial having a Hgh transmission factor within the useful 
wavelength region. 

[0070] The thickness of the second, unifbrm-thckness 
layer can be set as desired as it does not contribute to 
the diffraction efficiency. However, an excessive thick- 
ness would make rt hardly ppssltsle to consider a plural- 
ity of laminated (Effraction gratings as a single diffractive 
optical element Therefore; the thickness is preferably 
set to such a value that enables the diffractive optical 
element to have a thin composite crating thickness 
composed of a plurality of layers. 
[0071] The diffraction grating shape has been 
descrOsed by limiting it to a shape obtained within one 
period of diffraction grating. However, the diffraction effi- 
ciency is basically not affected t>y the pitch of tiie diffrac- 
tion grating. In ottier words, tiie arrangement of the first 
embodiment described above is applicable not only to 
the one-cOmensional diffraction grating shown in Fig. 1 
but also to all diffractiva optical elements having differ- 
ent grating pitches and/or grating shapes, including a 
diffractive lens shown in Fig. 7. 



[0072] Further, in the case of the first embodiment, the 
invention is applied to the cGffractive optical element 
formed by arranging a plurality of diffraction gratffigs on 
the base plate 2. However, the advantageous effects 

5 are also attainable by arranging diffiraction gratings on a 
curved lens surface instead of a flat surface. 
[0073] In the description of the first embodiment gh^en 
above, the design order of diffraction is assumed to be 
the first order. However, the order of diffraction is not 

10 limited to the first order. The same advantageous effect 
of the invention can be attained for light of other diffrac- 
tion orders, such as light of the second diffraction order, 
by designing a conposite optical path length difference 
in such a way as to obtain a desired (design) wave- 
rs length at a desired diff ractkin order. 

[0074] r4ext, a diffractive optical element according to 
a second emtxxiiment of tiie invention is described. In 
the first ennbodiment the thickness of the second layer 
is not specified in particular. However, with no uniform- 

20 thickness layer used, a part of a light flux would come to 
reflect if a difference in refractive index between layer 
materials is large at a boundary between them. In such 
a case, the boundary face would act like a reflection- 
t/pe diffraction grating to generate light of unnecessary 

26 diffraction orders, thereby causing flare light 

[0075] Therefore, in the second embodiment, tiie uni- 
form-thickness layer is an^anged to have such a thick- 
ness tiiat effectively prevents light from reflecting at the 
boundary face between differertt layer materials. The 

30 diffraction efficiency of ttie diffractive optica! element 
thus can be attained at the design order of diffraction 
with no light reflected at unnecessary diffraction orders. 
[0076] More specifically, witii a refractive index of the 
rrtaterial of the second layer at the wavelength XO 

35 assumed to be n02 and the tftickness of the second 
layer be assumed to be ct2, the second layer satisfies 
the following relation: 

n02 X d2 = m X (xo / 4). where m is an integer. 

40 

[0O77] In tiie second embodiment, two diffraction grat- 
ings are formed through a uniform-thickness layer. The 
number of diffraction gratings is, however, not limited to 
two. Three or more diffraction grating parts may be 
45 formed through unifornvthickness layers which are 
arranged according to tiie invention as described 
at)ove. 

[0D78] Fig. 8 shows in a sectional view a diffractive 
optical element having three diffraction gratings, 

so according to a third embodiment of the invention. Refer- 
ring to Rg. 8. counting from the layer located nearest to 
a base plate 2, these layers are laminated In the order of 
first, second, third, fourth and fifth layers. Rrst to fifth dH- 
fraction grating surfaces are formed in the same order at 

55 respective boundaries between the layers. In this case, 
diffraction gratings are formed at the first, third and fifth 
layers. The second and fourth layers are fbnmed as uni- 
form-thickness layers which represent the feature of the 
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invention. Whh these layers arranged in this manner, 
ttie stiape of the diffraction grating surface formed 
between the lirst and second layers t>ecomes the same 
as that of the diffraction grating surface fomried between 
the second and third layers. 

[00791 Generally, a diffractive optica! element of a lam- 
inated-layer structure composed of an L-number of lay- 
ers, a 2h^h layer is arranged to be a uniform-thickness 
layer to fonm a (2h-1)-th diffraction grating surface and a 
2h-th diffraction grating surface In the same shape. In 
this case, there is obtained a relation of 2h s U where h 
represents a positive integer. Such arrangement gives 
the advantageous feature of the invention even to a dif- 
fractive optical element of a multi-layer structure. 
[0080] A diffractive optical element according to a 
fourth embodiment of the invention is schematically 
shown in Fig. 9. Fig. 9 Is a sectional view of a photo-tak- 
ing optical system of a camera or the like. Referring to 
Rg. 9. a photo-taking lens 10 includes therein a dia- 
phragm 11 and the diffractive optical element 1. An 
image forming plane 12 represents either a film or a 
CCD. 

[0081 ] The use of the diffractive optical element which 
is composed of laminated layers greatly improves the 
wavelength dependency of diffraction efficiency The 
photo-taking lens, therefore, can be arranged to have lit- 
tle flare light and a high degree of resolution at a low fre- 
quency to ensure a high performance. Further, since 
the diffractive optical element according to the invention 
can be simply manufactured, the photo-taking lens can 
be manufactured by mass production at a low cost. 
[0082] In the case of Rg. 9, the diffractive optical ele- 
ment 1 is provided on the surlace of a flat glass plate in 
the neighborhood of the diaphragm 11. However, the 
position of the diffractive optical element 1 is not limited 
to this position. The diffractive optical element 1 may be 
arranged on a curved lens surface. It is also possible to 
arrange a plurality of dffractive optical elements within 
the photo-taking lens. 

[0083] The invention is applied to the photo-taWng 
lens of a camera in the case of the fourth embodment 
However, the same advantageous effect Is attainable by 
using the diffractive optical element according to the 
invention for a photo-taking lens of a video camera, an 
image scanner of a business machine, a reading lens of 
a digital copying machine, etc. 
[0084] Rg. 10 is a sectional view which schematically 
shows, as a fifth embodimerrt of the invention, an optical 
system using a diffractive optical element arranged 
according to the invention. The optical system shown in 
Rg. 10 is an observation optical system of a binocular or 
the like. The illustration of Rg. 10 includes an objective 
lens 13, the diffractive optical element 1, an image 
inverting prism 14, an eyepiece lens 15, and an evalua- 
tbn surface (a pupil surface) 16. 
- [0085] The diffractive optical element 1 is provided for 
the purpose of correcting chromatic abenration or the 
like taking place on an Image forming plane 12 of the 



objective lens 13. 

[0066] The wavelength dependency of the diffraction 
efficiency of the fifth embodment is greatly improved by 
the use o1 the diffractive optical element of the laml- 

5 nated structure. The objective lens which uses the dif- 
fractive optical element according to the invention, 
therefore, has little flare light and a high resolving power 
at a low frequency to ensure a high perfbrnrance. 
Besides, the diffractive optical element can be simply 

TO manufactured. Therefore, the observation optical sys- 
tem according to the fifth embodimem of the invention 
facilitates mass production to k>wer the manufacturing 
cost thereof. 

[0087] In the fifth embodiment, the diffractive optical 

IS element 1 is disposed in the neight>orhood o1 the objec- 
tive lens 13. The position of the diffractive optical ele- 
ment 1 is, however, not limited to this. The same 
advantageous effect is attainable, for example, by 
an-anging the diffractive optical element 1 on the surface 

20 of the prism 1 4 or within the eyepiece Iots 1 5. With the 
diffractive optical elemerrt 1 disposed on the object side 
of ttie Image forming plane 12. it serves to abate chro- 
matic aberration caused solely by the objective lens 13. 
Therefore, in the case of an observation system for 

26 observation with the unaided eye, it is preferable to have 
the diffractive optical element 1 set at least between the 
objective lens 13 and the image fonr^ng plane 12. 
[0088] In the case o1 the fifth embodment, the inven- 
tion is applied to a bonocular. However, the same advan- 

30 tageous effect of the frfth emlx>diment is attainable by 
applying the invention to a tenrestrial or astronomical tel- 
escope or to an optical viewf inder of a lens-shutter type 
camera, a video camera, or the like. 
[0089] According to the arrangement of each of the 

35 embod ments descrik»ed above, the layers of the diffrac- 
tive optical eiemem formed by laminating two or more 
layers on a base plate are appositely arranged to attain 
a high degree of diffrBction efficiency. The arrangement 
makes selection of materials for these layers easier to 

40 fadlitale the manufacture. Besides, the diffractive opti- 
cal element according to the invention is capable of 
retaining a high degree of diffraction efficiency and 
effectively suppressing the generation of flare light or 
the like. 

45 [0090] The advantages mentioned above are attained, 
because a plurality of layers are laminated and joined 
together through a layer or layers having a uniform 
thickness in accordance with the invention, in such a 
manner that the layers of uniform thickness are 

$0 arranged to have such optical characteristics that con- 
tribute to enhancement of the diffraction efficiency while 
the unifomvthickness layer or layers have such a char- 
acteristic that contributes to facilitation of manufacturing 
processes. 

55 [0091 ] The use of the diffractive optical elenrter^ for a 
photo-taking lens according to the invention enables the 
photo-taking lens to be manufactured at a low cost and 
to operate with a high degree of accuracy. 
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[0092] The use of the cfiffractive optical element for an 
observation optical system according to the invention 
enables the observation optical system to be manufac- 
tured at a tow cost and to operate with a high degree of 
accuracy. 

[0093] In a diffractive optical element composed of 
three or more laminated layers arxJ having a diffraction 
grating at each interface between acjacent layers, each 
even-number-th layer has a uniform thickness. 

Claims 

1. A diffractive optical element conrposed of three or 
more laminated layers and having a diffraction grat- 
ing at each interface between adjacent layers, 
wherein each even-number-th layer has a uniform 
thickness. 



the same material. 

8. An optical system using a diffractive optical element 
according to one of claims 1 to 7. 

5 

9. An optical system aocording to claim 8, wherein 
said optical system is an image fomning optical sys- 
tem. 

10 ia An optical system according to daim 8. wherein 
said optical system is an observation optical sys- 
tem. 

11. An optical apparatus or an electronic apparatus 
IS having an optical system according to daim 8. 



2. A diffractive optical element corrposed of a plurality 
of layers made of at least two kinds of materials of 20 
different dispersions to enhance diffraction effi- 
ciency of a specific order over an entire useful 
wavelength region, wherein, where the plurality of 
layers are counted in order as an i-th layer, a first 
diffraction grating surface is formed at a t>oundary ss 
between the first layer and the second layer, a sec- 
ond ciff raction grating surface is fonmed at a bound- 
ary between the second layer and the third layer 
and an L-th diffraction grating surface is formed at a 
boundary between the L-th layer and tine {L+1)-th 30 
layer, and each even-number-th layer is a uniform- 
thickness layer having a uniform thickness over an 
entire area thereof. 



3, A diffractive optical element according to daim 2, ss 
wherein the thickness of the uniform-thickness 
layer is greater than the deptii of a grating groove of 

a diffraction grating surface formed at a boundary 
between tine unrform-tiiickness layer and an adja- 
cent layer. 4o 

4. A diffractive optical element according to daim 2, 
wherein the uniform-thickness layer has such a 
thickness as to give a reflection preventing charac- 
teristic. 45 



5. A diffractive optical elemem according to daim 2, 
wherein the unifbrm-tiiickness layer is made of a 
plastic optical material or an ultraviolet curable 
resin. so 



6. A diffractive optical element according to daim 2, 
wherein the useful wavelength region is a visible 
spectrum. 

7. A diffractive optical element according to daim 2, 
wherein the first layer is formed on a base plate, 
and the first layer and the base plate are made of 
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